ABSTRACT: Variation at the retinoic acid receptorrelated orphan receptor C (RORC) gene was previously associated with marbling score in a large sample of Australian taurine feedlot cattle of Angus and Shorthorn breeds. The T allele at the SNP RORC:g.3290T > G increased marbling score in Angus and Shorthorn cattle. We genotyped this SNP in an independent sample of 2,741 Australian cattle of Angus, Brahman, and Hereford breeds, and tested the association of this SNP with marbling score in all animals and with intramuscular fat (IMF) measurements in 2,104 animals. We found an allele frequency of the G allele of p G = 0.57 in Angus, p G = 0.09 in Hereford, and p G = 0.64 in Brahman. The regression of marbling score against number of copies of the G allele was significant (P = 0.033) in the combined sample after accounting for ancestry, breed, and the contemporary group structure of the data. All breeds had the same favorable homozygote; the regression on alleles showed a trend in Angus and Brahman cattle (P < 0.1), but not in Hereford cattle (P = 0.912). The regression of IMF against number of copies of the G allele was significant (P = 0.018) after accounting for ancestry, breed, and contemporary group structure. All breeds had the same favorable homozygote and the regression on alleles was significant (P = 0.024) in the Angus breed. In all breeds tested in this study, the T allele increased both marbling score and IMF. This polymorphism explained 0.3% of the phenotypic variance for IMF in this sample.
INTRODUCTION
Several genes have been associated with QTL for marbling score or intramuscular fat (IMF) in cattle, not all of which have been confirmed in all other studies, tested in other studies, or are variants located in plausible candidate genes (Buchanan et al., 2002; Morsci et al., 2006; Cheong et al., 2008) . Confirmation of associations in independent studies is an important next step in using the information provided by an association. The reasons are that 1) the initial association may be a false positive, even for highly significant results; 2) the association will usually be through linkage disequilibrium (LD) to the causative mutation, and the LD relationship to the causative mutation may differ between breeds; and 3) the particular causative mutation may not occur in all breeds. It is therefore important not only to confirm the association, but also to extend the information to other breeds. The procedures and reporting standards for confirmation are codified (Chanock et al., 2007) and involve the use of large, independent samples from the same population group as before.
In this study, we tested an SNP in the retinoic acid receptor-related orphan receptor C (RORC) gene (RORC:g.3290T > G) for its effects on marbling and IMF. We had previously shown an association between this SNP and marbling score in Angus and Shorthorn cattle (Barendse et al., 2007a) . To our knowledge, this association has not been tested in other studies of these breeds, nor has it been extended to other breeds. If the association is real, then the same allele should be favor- 2 The RORC polymorphisms are the subject of a patent application that has lapsed. The polymorphisms are not, to our knowledge, part of any commercialized test for marbling or intramuscular fat percentage.able in the Angus breed in this study compared with our previous study. In this study, we tested whether the SNP was associated with marbling score and IMF in Angus, Brahman, and Hereford cattle.
MATERIALS AND METHODS
Animal Care and Use Committe approval was not obtained for this study because no new animals were handled in this experiment. The experiment was performed on trait records and DNA samples that had been collected previously. The animals in this experiment were grown between 1993 and 1999 as described below.
The cattle used were from the Genetic Correlations Experiment of the Cooperative Research Center for the Cattle and Beef Industry (Beef CRC). The experimental design, methods of measuring trait values, and methods of DNA extraction have been reported previously (Perry et al., 2001; Upton et al., 2001) . The IMF measurement (nirfat) used was the method 3 measurement of IMF using near-infrared spectrometry, and the AUS-MEAT marbling score (marbling) was measured by trained AUS-MEAT assessors (Perry et al., 2001) . During data collection, the AUS-MEAT definition of marbling changed and the new marbling definition corresponded to the marbling trait used in our previous study of RORC (Barendse et al., 2007a) . This change did not occur in the middle of a kill group, and kill groups had either old or new marbling scores, or both. Means and SD, heritability estimates, and genetic correlations for these data have been published . These cattle were unrelated to the cattle used in our previous study of RORC. The IMF data were included for analysis because 1) these cattle showed reduced marbling scores compared with our previous study (see Results in Table 1) , 2) IMF is one of the traits underlying marbling score, 3) IMF is not a subjective trait like marbling, and 4) it is generally the preferred trait to study marbling in Beef CRC cattle. There were 1,061 Angus, 709 Hereford, and 971 Brahman animals with marbling scores and g.3290T > G genotypes, of which 1,019 Angus, 683 Hereford, and 402 Brahman animals had nirfat measures. We fitted a full animal model in ASReml (Gilmour et al., 2002) by using a 5-generation pedigree to account for the polygenic component of inheritance as reported before (Barendse et al., 2009 ). We included the contemporary group fixed effects of herd, sex, and kill group ; type of AUSMEAT marbling score; age in days at slaughter; and genotype, coded as number of copies of the G allele. For IMF, this resulted in the model nirfat ~N(µ + herd + sex + kill group + age + genotype, σ e 2 ). The genotype was analyzed as the regression of phenotype on the number of copies of an allele, which is the allele substitution effect (α). Each breed consisted of a small number of herds of origin, with breed confounded with herd of origin. Replacing herd of origin with breed gave essentially the same result. To estimate genotypic effects within breed, both breed and genotype nested within breed were fitted in the model. The proportion of the variance explained was obtained by comparing the residual sums of squares of the model with SNP with the residual sums of squares of the model without SNP. Standard sample size and power calculations using the critical points of the normal distribution were calculated as described previously (Snedecor and Cochran, 1967) . In the previous study, the analysis of marbling score had been performed using a permutation t-test to find the most significant mean difference between genotypes (Barendse et al., 2007a) . The Beef CRC analyses are performed using regressions of the trait on numbers of copies of the allele. To allow more consistent comparison, the adjusted trait values from the previous study were regressed on the number of copies of the G allele, as in this study, and the proportion of the variance explained was estimated from the correlation of adjusted phenotypes and the genotypes. The distribution of marbling scores between breeds and studies was performed using either a Poisson distribution in a GLM in R (http://cran.rproject.org) to allow subtables to be analyzed, or using the log-likelihood test adjusted with the Williams correction (Sokal and Rohlf, 1981; Venables and Ripley, 2000) . Marbling scores were compared between studies and breeds. We provide a description of the management of the sample of animals, as suggested for replication studies (Chanock et al., 2007) , although these animals have been described extensively elsewhere (Upton et al., 2001) . Animals selected for genotyping were chosen to maximize the number of sires represented. Because IMF is the favored trait in Beef CRC analyses, we describe the subset of the sample with nirfat measures. The sample represented the offspring of 215 sires, with a mean number of offspring of 9.74 (SD = 6.75). These animals represented 24 herds of 3 breeds, 1,689 steers and 415 heifers, and 125 kill groups. The animals used in the previous study were fed in a commercial feedlot approximately 10 km from the town of Toowoomba (27°33′40″ S, 151°57′19″ E) in South East Queensland, Australia, for 140 to 250 d (Barendse et al., 2004) . In this study, all animals in the northern or tropical zone were backgrounded at the Duckponds property near the town of Comet in Central Queensland, Australia (23°36′14″ S, 148°32′44″ E), and those finished on grain were fed at the Goonoo commercial feedlot approximately 40 km from Duckponds (Bindon, 2001; Upton et al., 2001) . All animals in the southern or temperate zone were backgrounded at one of several experimental stations near the towns of Armidale, Australia (30°30′50″ S, 155°40′ 08″ E) and Glen Innes in the New England tableland of New South Wales, Australia, and those finished on grain were fed at the Tullimba research feedlot approximately 50 km from Armidale, Australia (Bindon, 2001) . Animals were slaughtered at 1 of 6 abattoirs, as set out in Bindon (2001) . Of the Angus animals, 445 were grown in a feedlot in the south and 574 were grown on pasture in the south. Of the Brahman animals, 31 were grown in a feedlot in the north, 237 were grown in a feedlot in the south, and 134 were grown on pasture in the north. Of the Hereford animals, 257 were grown in a feedlot in the south and 426 were grown on pasture in the south. The cattle were fed to a domestic market end point and 2 export market end points for Korea and Japan (Upton et al., 2001 ), corresponding to slaughter weights of 220, 280, and 340 kg, respectively. Animals that were fed in feedlots were fed for a minimum of 60 d for the domestic market and for a minimum of 90 d for the 2 export markets. Of the Angus, 406 were fed for the domestic market, 316 were fed for the Korean market, and 297 were fed for the Japanese market. Of the Brahman, 152 were fed for the domestic market, 194 were fed for the Korean market, and 56 were fed for the Japanese market. Of the Hereford, 233 were fed for the domestic market, 257 were fed for the Korean market, and 193 were fed for the Japanese market. These differences were captured in the contemporary group structure of the data. Genotypes for the g.3290T > G SNP were collected using the previously described Taqman assay (Barendse et al., 2007a) . This SNP was chosen because it was the only SNP of those tested in that study that had the same favorable homozygote in all breed groups.
RESULTS AND DISCUSSION
The marbling scores (Table 1) were significantly different not only between breeds (P < 0.0001), but also between the 2 studies (P < 0.0001). Brahman cattle had the smallest proportion of animals with high marbling scores, and the Angus cattle had the largest proportion. In the present study, all breeds had the greatest number of animals in the lowest marbling class, marbling score 1, whereas in the previous study, the largest number of animals had been one marbling class greater, marbling score 2. Angus cattle in the present study had significantly smaller (P < 0.0001) marbling scores than Angus cattle in the previous study. These differences in marbling are consistent with the longer time cattle spent in feedlots in the previous study and that the greater proportion of the animals in the present study finished on pasture.
The Angus breed and the combined sample showed statistically significant (P ≤ 0.024) regressions of IMF on the number of G alleles of the g.3290T > G SNP ( Table 2 ). The T allele increased IMF in all breeds. The combined sample also showed a significant regression (P = 0.033) of marbling score on number of alleles, in which the T allele increased marbling score. The Angus and Brahman breed both showed a trend (P < 0.10) for the T allele to increase marbling score. The T allele also increased marbling score in the previous study. The Angus breed, which had the greatest IMF measurements in the present sample and which also had the largest sample, was the only breed sample to show a statistically significant (P = 0.024) relationship between genotype and IMF. When the data from all breeds were combined, the results were more significant (P = 0.018) and all breeds showed the same favorable allele for IMF, even if they were not all statistically significant (P > 0.05). The breed × genotype interaction and the dominance component were not statistically significant (P = 0.08 and P = 0.36, respectively). The G allele was the major allele in Angus and Brahman, but was relatively rare in Hereford. The overall variability in IMF explained by the SNP was R 2 = 0.3%, and the variability explained in marbling scores was R 2 = 0.2%. A true effect of 0.3% of the variance will require a sample of more than 4,300 animals to be detected at a significance threshold of α = 0.05 with 90% power, although our sample in the present study was smaller than that. The sample sizes of 402, 683, and 1,019 for the Brahman, Hereford, and Angus breeds, respectively, can detect minimal effects of 3.2, 1.9, and 1.3%, respectively, at that threshold and power. Only in the Angus breed, which had the largest sample with the greatest IMF, was the association detected.
The lack of association of marbling score with genotype in any of the individual breed samples may be due to the reduced (P < 0.0001) marbling scores in this study compared with those in our previous study (Table 1) , although both the Angus and Brahman breeds showed a trend (P < 0.10) for the T allele to increase marbling score. The lowest marbling class was the most frequent for all breeds, causing the distribution to be nonnormal and asymmetrical around the mode, because negative values are not possible for marbling score. The association of IMF, the trait underlying marbling score, with genotype is therefore important because it supports the association between the marbling scores and genotype. It also suggests that the variation at this gene contributes to marbling score partly through changes in IMF. Marbling distribution is the nonuniform distribution of fat through muscle, usually along connective tissue seams and blood vessels. Therefore, marbling score is dependent not only on the amount of IMF, but also on how the fat is aggregated and the temperature at which the marbling score is observed.
In the previous study (Barendse et al., 2007a) , the analysis of marbling score had been performed using a permutation t-test to find the most significant mean difference between genotypes. The regression of residual marbling scores on number of copies of the G allele showed R 2 = 0.27% with α = −0.07 phenotypic SD (P = 0.032). This showed a comparable level of variation with the results in the present study.
The allele that increased marbling score and IMF in Angus in this study is also the allele that increased marbling score in Angus in our previous study (Barendse et al., 2007a) . This consistency between the 2 studies, not only in the significance of the allele in the Angus breed, but also of the same favorable allele in all breeds tested so far, the increase in significance when all samples in the present study were added together, and the similar results for marbling score and IMF, add additional evidence for a QTL affecting IMF or marbling score in or near the RORC gene. These results were significant even though the majority of the sampled animals were grown on pasture, which is known to produce less IMF than a feedlot ration (Pethick et al., 2004) . The comparison between studies suggests that this SNP is in consistent LD with a functional mutation affecting IMF or marbling score, at least in the breeds tested so far. Further studies of it and other DNA variation in and around the gene will be necessary to determine whether it is a functional nucleotide polymorphism.
Nevertheless, the amount of the variance explained by the SNP is small. The amount of variation indicates 2 things. First, the effect will not always be confirmed if the number of cattle used to detect it is small. Several thousand cattle may be needed. Tests that fail to confirm the effect of variation at RORC on IMF or marbling should indicate the statistical power needed to detect the effect. Nevertheless, all such studies should be reported so that an unbiased appraisal of this SNP can be made. Second, the effect is likely to be useful in a panel of DNA tests, rather than as a test by itself. Despite the small effect on the overall variance, it should be remembered that most QTL effects are of smaller effect than originally hypothesized once large sample sizes are used to estimate the effects, as demonstrated by Barendse et al. (2007b) . The use of larger sample sizes prevents overestimation of QTL effects (Lohmueller et al., 2003) . The largest confirmed allelic effect in a study of human height explained 0.32% of the variance (Weedon et al., 2008) in a sample of approximately 20,000 individuals. Of course, this does not mean that large QTL effects are not there to be found, but the recent literature indicates that they will be rare. 
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